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INTRODUCTION
The inverse problem of deducing parameters which characterize transport in geological formations from tracer test data is inherently non-unique; that is, equally good fit to the tracer test data may be obtained from different conceptual models and their associated parameters. For example, breakthrough curves for transport in a heterogeneous fractured medium often have the characteristics of a fast rise and a long tail (Frost and Davison, 1994; Gustafsson and Nordqvist, 1993) . But this fast rise and long tail in the tracer breakthrough can also be ascribed to retardation processes such as matrix diffusion, or to well bore effects at the tracer injection or sampling wells (e.g. Novakowski, 1992) . Since interpretation of tracer data usually does not end at data fitting, rather the results are used for prediction, or up scaling; then it is crucial to minimize the model uncertainty, and to maximize confidence in the "correctness' of the conceptual model employed.
In this paper we explore the role of different tracer test designs to discriminate different processes which affect the transport, thus aid in reducing model uncertainty. We place emphasis on the interference of heterogeneity with matrix diffusion, and its effect on the inverse problem. The test designs studied are: single well radially diverging-converging flow (huff-puff), single well radially converging flow, and two well injection-withdrawal flow (doublet). Gelhar et al. (1992) discussed the effects of different tracer designs on the reliability of the reported dispersivity in a critical review of published field-scale dispersion from tracer experiments. They maintain that in huff-puff tests the dispersion is reversed at the pumping phase, hence is unsuitable for determination of medium dispersivity. Our study shows that for the same reason that huff-puff design underestimates dispersivity due to 1 heterogeneity, it proves to be particularly effective in determining matrix diffusion parameters.
APPROACH
Fracture media can be conceptualized either as a discrete network, where connectivity is very much an issue, or as a continuum. In this paper we conceptualize a fracture zone as a 2D dual-continuum. The fractures in the fracture zone are expected to have a high enough density and be connected enough to be well approximated by a heterogeneous stochastic continuum for advective transport. The low permeability "matrix" between fractures forms a second continuum which contributes negligibly to the advective transport, but participates in the exchange of tracer with the fractures by diffusion. Flow and transport calculations in the fracture zone are carried out by numerical simulation. Numerical simulation is the method chosen here because analytical solutions for dual-continuum transport for different radial flow configuration in 20 are not available for a heterogeneous medium. Welty and Gelhar (1994) give analytical solutions for the common radial single well and two well tracer-test designs within the single continuum approximation in which matrix diffusion is absent. Their solutions are valid in the limit of Fickian dispersion, that is, when dispersivity due to heterogeneity is much less than 1/10 of the test scale.
Generation of Stochastic Hydraulic Conductivity Fields in 20
Mathematically, the heterogeneous fracture continuum is represented by a 2D stochastic field of hydraulic conductivity. The turning band method (Tompson et al, 1989 ) is used for the generation of a lognormal field specified by a . mean and a variance cr 2 in In K. The permeabilities are correlated with an exponential covariance: (1) where ~ is the separation vector and a is the anisotropic correlation parameter. For this study, an isotropic correlation structure is assumed, hence a 1 =a 2 =a. Because of the slow decay of the exponential function, permeabilties within a domain of several a's are expected to be correlated, hence one may consider the characteristic scale of the heterogeneous stochastic field A to be around 3a. It is recognized in the research community that spatial heterogeneity occurs at all scales in geologic formations, and that the relevant scale of heterogeneity which will introduce observable effects in measurements is that scale which is comparable in order of magnitude to the . measuring scale. For heterogeneities which are of a much smaller scale than the measurement, their effects will be averaged out and are manifested in a value of the macrodispersivity being < 1/10 of the test scale. For heterogeneities which are of a much larger scale than the measurement, they will be "invisible" to the measurement in that the results resemble that of a homogeneous medium since the entire measurement domain lies within the much larger heterogeneities. Therefore the heterogeneities which are likely to give transport results significantly different from that of a homogeneous medium wouldbe those with correlation scale A of perhaps 115 to 1/2 of the measurement region. The fact that flow channeling is so often observed in tracer experiments in the field (e.g. Gustafsson and Nordqvist, 1993; Frost and Davison, 1994) indicates that the correlation scale of 2 heterogeneity on the order of test scale (dispersivity >1/10) is often in operation in the field. For if the dispersivity due to heterogeneity is much less, the tracer results should reflect the properties of a homogeneous medium. In order to specifically include the effects of heterogeneity, in all our numerical studies the correlation scale A. of the stochastic heterogeneous hydraulic conductivity, K, is chosen to be about 115 to 113 of the test scale.
Flow and Transport Calculations
Steady state flow calculations are carried out for different flow fields for the common tracer test designs (Figure 1 ). Figure 1 shows schematically the boundary conditions for the flow simulation. The dark shaded region is the fracture zone mathematically represented by a stochastic field of hydraulic conductivity geostatistically generated by the turning band method (Tompson et al., 1989) . The thick dark lines represent closed boundaries. The constant head (H1 and H2) boundaries in the huff-puff design allow a regional drift velocity as well as the radial flow field from the center injection and pumping well. The heterogeneous field domain is chosen to be about three times that of the maximum extent of the plume size to minimize effect of the boundary on the calculations. For the doublet configuration the flow field is taken to be several times that of the stochastic field (dark shaded) region. The lightly shaded region surrounding the stochastic field is given coarser grids and a uniform hydraulic conductivity identical to the geometric mean of the stochastic hydraulic conductivity. For the single well converging test all nodes beyond a radial dis.tance (with respect to the pumping well) are given an uniform hydraulic conductivity ten times that of the largest conductivity in the field, in order to insure that the constant head (H) boundaries applied on the square region is transmitted to the radial boundary. . For flow calculations, the heterogeneous domain is discretized into 180X180 elements with dimensions ~x. ~y; and for each node i, other than the node(s) of the injection and/or withdrawal well(s), mass balance for steady state flow would prescribe that:
where Qij is the volumetric flow from node ito j, Kij is the hydraulic conductivity, and Aij is the interfacial area between nodes i and j. For the node(s) of the injection and withdrawal wells, the right hand side of Equation 2 will respectively be the injection rate (+) or the withdrawal rate (-), as appropriate for the different tracer designs. Except for the nodes at the boundaries where the hydraulic heads are prescribed, the hydraulic heads Hi are unknowns. The system of Equations (2) is solved using a conjugate gradient iterative solver. Then the steady state volumetric flow Qij and the steady state velocity vij=Qi/ Aij from node i to j are calculated. In this way the steady state flow field for a heterogeneous fracture zone is obtained for the respective tracer design.
After the steady state flow field is obtained, transient advective transport in the fracture heterogeneous continuum is simulated by particle tracking method (Moreno et al., 1988) with matrix diffusion incorporated (Yamashita and Kimura, 1990; Moreno and Neretnieks, 1993) . A large number of particles are introduced in the injection well during the introduction of the tracer slug. In the single-continuum mode of transport, the residence time tw for the particle to reside within each discretized element is determined from the pore volume of the fracture continuum divided by the amount of flow that passes through it: (3) where h is the thickness of the fracture zone and cj>f is the porosity of the fracture continuum. Each particle is moved along in the respective flow fields and the residence times within the , different discretized elements along its path are summed. At each intersection of four nodes, tracer particles are distributed in the outlet branches according to steady state stream tubes and they are also assumed not to diffuse across these stream tubes, that is, a no mixing approximation is implemented at the intersections (Moreno et al., 1990) .
Equation 3 for the residence time in a given discretized element will be modified in the dual-continuum mode of transport when diffusion into the matrix continuum is allowed. For an idealized parallel plate fracture of length L, width W, and aperture o, and for a 1D steady state volumetric flow rate of Q through the fracture, the advective residence tir;ne for plug flow in the fracture is tw = L Wo/Q, so that the tracer breakthrough at the fracture outlet is a step function at t=tw. For such an idealized fracture from which matrix diffusion is linear and perpendicular to the fracture surface, an analytical solution (Neretnieks, 1~80) is available for the residence time distribution of the solute concentration at the fracture outlet:
The parameters in Equation (4) are De,the effective water diffusion coefficient in the matrix pores, kd, the sorption coefficient and Pp, the matrix rock density. For non-sorbing tracer, kdPp is simply the matrix porosity <l>m· Only non-sorbing tracer is considered in this study. To incorporate effects of matrix diffusion into particle tracking a number is drawn randomly from the uniform distribution R[0,1], then the travel time t for each particle in an element i (with plug flow residence time tw) is inversely calculated from equation (4). The inverse calculation fort for a random sample of values from R[0,1] =C/C 0 is illustrated in Figure 2 . Our implementation of matrix diffusion into the particle tracking scheme was verified against an analytical solution for 10 transport (Tang et al., 1981) : (5) where C/C 0 is the distribution of mass concentration along the fracture length z for constant transport velocity of v at time t. Throughout the study, calculations are also carried out for the homogenous case by imposing an uniform hydraulic conductivity to the flow domain. Calculation parameters for all cases studied are summarized in Table 1 . The formation parameters are based on the conditions in the Culebra dolomite at the WIPP site in southeastern New Mexico. Simulations were carried out for both the single-and dual-continuum descriptions of the fracture-matrix system. Figure 3a shows the plume spatial extent at the end of a 5-hour injection period for a tracer slug introduced in the first 100 minutes of injection, for a homogeneous field and single-continuum representation where matrix diffusion is absent. The plume is a ring 20 m in diameter and centered on the injection well. The radial symmetry for flow in the homogeneous field is evident. Figure 3b shows the plume spatial extent at the end of the same 5-hour injection period for a moderately heterogeneous hydraulic conductivity field and single-continuum simulation. Here in Figure 3b the radial symmetry is masked by flow channeling effects arising from small scale heterogeneities of the fracture continuum.
The rate of mass recovery (which is proportional to tracer concentration when the flow rate is constant) versus time for different cases studied are shown in Figure 4 . On each Figure (4a and 4b) is shown results for four cases: homogeneous and heterogeneous, single continuum and dual-continuum. In the single-continuum case, flow channeling due to heterogeneity gives rise to considerable tailing as compared to the homogeneous results. On the other hand, in the dual-continuum model, matrix diffusion gives ri~e to even longer tail in both the homogeneous and the heterogeneous results with a similar -3/2 slope on a log-log plot. This -3/2 slope arises from the asymptotic t-312 dependence in the analytic solution for dual-continuum tracer transport (Konosavsky et al., 1993) . Figure 4b shows the results for an extremely heterogeneous field where the standard deviation of hydraulic conductivity O'lnK is 3.46, doubling that of the heterogeneous field for Figure 4a . It is evident that the severe flow channeling here yields a long tail with a greatly reduced negative slope for the extreme heterogeneous field in the single continuum simulation. Yet the effect is still not large enough to confuse it with the dual-continuum results, where the asymptotic time dependence of t-312 is evident for both the strongly heterogeneous and the homogeneous descriptions of the 2D fracture zone. 
Single Well Radially Converging Test
Flow calculations are carried out for the single well convergent test configuration. Figure 5 shows the flow field for a particular realization of a heterogeneous fracture zone with the pumping well located at the top right comer of the heterogeneous field. The magnitude of the flow increases with the darkness of the gray scale, clearly illustrating the presence of flow channeling. For each steady state flow field, transient transport calculations by particle tracking are carried out for nine equally spaced positions of the injection well on a radius of 30 m from the pumping well. While tracer recovery curves are invariant with the position of the injection wells for homogeneous fields, they will differ with the position of injection well in a heterogeneous field due to channeling as illustrated in Figure 5 . The fastest and the slowest tracer arrival among the nine injection well results will be selected to be displayed in tracer breakthrough curves in Figure 6 . ·Figure S fracture zone. In Figure 6 the tracer recovery curves at the pumping well are shown. The results for the single continuum (no matrix diffusion) conceptual model are in solid lines, and the results for the dual continuum (with matrix diffusion) conceptual model are in dotted lines. For the homogeneous medium, one breakthrough curves is shown for the single-continuum conceptual model, and one for the dual-continuum conceptual model. For the heterogeneous medium, two recovery curves, the earliest and latest arrival of the nine injection cases, are displayed respectively for the single-and dual-continuum models. Figure 6a shows results for a heterogeneous continuum with O'JnK=1.73, and Figure 6b for an extreme heterogeneous medium where O'JnK is 3.46. All plots are on log-log scale. It is evident that for a homogeneous continuum the presence of matrix diffusion with the characteristic -3/2 slope is clearly distinguishable from the single continuum model which has a -oo slope. However, for heterogeneous fields, particularly for large cr in Figure 6b , distinction between the results for single-and dual-continuum begins to blur. This means that without an independent means to ascertain the presence of matrix diffusion, tracer data may be interpreted with either a singleor dual-continuum description, leading to very different predictions of transport parameters such as porosity and dispersion. Furthermore, that the tracer arrival times varies widely for different injection well location underlines that, even if the correct conceptual model is used to account for the processes of transport, great uncertainty remains in the deduced parameters because of the sensitivity of results to spatial variability in the fractured zone. Figure 7 shows the flow field in a heterogeneous fracture zone for a doublet tracer test configuration. The injection and withdrawal wells are positioned at 405 m on the y axis and 390 m and 420 m respectively on the x axis. The injection and withdrawal flow rates are equal. We note that the steady state flow stream lines are distorted from the pattern of regular dipole stream lines because of heterogeneity. In this doublet test configuration the tracer recovery curves at the withdrawal well include transport which covers a large flow region, that is, the tracer recovery curves involve a large amount of spatial averaging, as opposed to the tracer recovery curves for the previously discussed radially converging tracer test. The spatial averaging may therefore give a better estimate of the transport parameters which characterize the fracture zone. Flow field for the two-well doublet configuration in a heterogeneous (OtnK=l.73) fracture zone. Figure 8 shows the tracer recovery curves for both homogeneous and heterogeneous fields, and for single-and dual-continuum descriptions. The solid lines denote the heterogeneous results, and the dotted lines denote the homogeneous results. The striking feature in Figure 8 is that both the single-and dual-continuum models give similar negative slope in the log-log plot, though the arrival time differs by several orders of magnitude, with the matrix diffusion effects giving rise to very large time delay. Within the same conceptual model, either the single-or dual-continuum description, homogeneous and heterogeneous results are also similar. Therefore the spatial averaging in the doublet design is indeed effective in minimizing the observable effects of flow channeling due to heterogeneity in the tracer results. The doublet tracer design therefore corrects for the sensitivity to spatial variability encountered in the converging test (Figure 6 ).
An examination of the analytical solution for doublet configuration for a singlecontinuum shows that the asymptotic slope of the tracer recovery on a log-log plot is very close to -312; the very long tail arises purely from the large range of path lengths in the doublet configuration. Therefore the asymptotic behavior of t-312 characteristic of matrix diffusion in single well radial flow geometry is no longer distinct from its absence in the doublet design. There is now in the doublet configuration no clear signature for the presence of matrix diffusion at any level of heterogeneity, though matrix diffusion has the effect of shifting the arrival time by orders of magnitude. This implies that estimation of site characterization parameters can involve large uncertainty unless prior knowledge of presence or absence of matrix diffusion exists. Tracer recovery curves for doublet in the single-and dual-continuum representations of the homogeneous and heterogeneous (crinK=l.73) fields.
CONCLUSION
The above results illustrate that different tracer test designs place emphasis on different aspects of the transport process in a fractured zone. Testing with more than one design can reduce both the conceptual model and parameter. uncertainty. The huff-puff test seems particularly suited as a diagnostic test to ascertain the presence of matrix diffusion in the field. Even extreme heterogeneity fails to drown out the characteristic asymptotic t-312 signature of the dual-continuum tracer recovery. It is a good first test to either rule out the presence of matrix diffusion, or to deduce the matrix diffusion parameter group. If matrix diffusion is in operation, then the peak concentration for the tracer recovery would decline with the resting period imposed between injection and withdrawal. This relationship can be used to calibrate the matrix diffusion parameter group. However, since multiple mixing processes are usually present in the field, confirmatory determination of matrix diffusion in the laboratory is recommended.
In addition to inherent tracer test uncertainty such as incomplete flushing of the source term, the converging test results are also particularly sensitive to spatial heterogeneity in that the recovery curve can vary greatly with the position of the injection well in a fracture zone. The spatial variability of tracer breakthrough is to be expected from "point" measurements. The doublet tracer test configuration on the other hand involves a special spatial averaging of flow paths and corrects for the extreme spatial variability of "point" measurements. However, the dispersion due to the broad range of doublet path lengths has 12 'l " :_,• similar characteristics as dispersion due to retardation by matrix diffusion. Therefore, the doublet test design yields "average' fracture porosity more representative of a fractured zone only if prior knowledge exists as to the appropriateness of either the single-or dualcontinuum model. Otherwise though the spatial variability is reduced by the doublet configuration, yet the model uncertainty is increased by the same choice of two-well configuration.
In conclusion, this study demonstrates that a suite of different tracer designs can reduce the uncertainty in the interpretation of the tracer data to characterize the transport properties of a 2D heterogeneous fractured zone.
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